We used immunogold electron miaoscopic ( E M ) techniques with periodate-lysineparaformaldehyde-fd and Lowicrylembedded or cryopreserved tissues to study the distribution of al(IV) and a3(IV) chains of Types IV and VI collagen in glomerular basement membrane (GBM) and mesangid matrix of glomeruli in normal human kidneys. Monoclonal antibodies to al(IV) and a3(N) collagen chains and Type VI collagen could be detected only with ayoultramicrotomy, whereas polyclonal anti-Type IV collagen antibody was detectable in Lowiayl-embedded tissue. Ultrastructural detail was better preserved in the Lowicryl-embedded tissue. E M labeling provided more detailed information as to the sitespecific array of these extracellular matrix molecules in glomeruli than did immunofluorescent microscopy. The labeling of al(IV) collagen chain was distributed mainly 1. Abrahamson DR. Lcardkamokam V: Devtlopment of kidney tubular basement membranes. Kidney Int 39:382. 1991 2. Armbruster BL, Carlemalm E, Chiovetti R, Garavito RM. Hobot JA, Kellenberger E, Villiger W Specimen preparation for electron microscopy using low temperature embedding resins. J Microsc 126:77, 1982 3. Bcndayan M: Alteration in the distribution of type IV collagen in glomerular basal laminae in diabetic rats as rcvealed by immunocytochemistry and morphological approach. Diabetologia 28:373. 1985 Effect of tissue processing on colloidal gold cytochemistry. J Histochem Cytochcm 35983. 1987 4. Bendayan M. Nanci A. Kan
Introduction
Glomerular extracellular matrix (ECM), including glomerular basement membrane (GBM) and mesangial matrix (MM), supports vascular, epithelial cells, and mesangial cells, maintains tissue architecture, and serves as a barrier to macromolecules and circulating cells. The ECM is composed of three major classes of molecules: collagens, non-collagenous structural glycoproteins, and proteoglycans. Type IV collagen, a structural glycoprotein, is the major collagenous component of GBM and MM (20) . It forms the structural meshwork of all ECM. Type IV collagen is composed of five a-chains which represent discrete gene products (5,6,8,21,28,32), and the existence of a sixth chain has been reported (34). Knowledge of these multiple chains reflects newer understanding of the strut-along the endothelial side of glomerular basement membrane and the mesangial matrix. Mesangial GBM was relatively poorly labeled compared with that of mesangial matrix. In contrast, the a3(IV) chain was detected throughout the thickness of the GBM, but there was no labeling of mesangial matrix. Type VI collagen distribution was identical to that of the al(IV) chain within the glomerulus but was also associated with interstitial collagen fibrils. This study documents and details the heterogeneous distribution of Type IV and VI collagen chains within the normal human glomerulus and provides the framework for the study of these matrix components in human glomerular diseases. (JHistochem Cytdem 42577-584, 1994) KEY WORDS: Type IV collagen; Type VI collagen; Immunogold electron microscopy; Kidney. ture of the Type IV collagen molecule. Several distinct s'ubtypes of Type IV collagen differing in chain composition have been described and are reported as have &ring locations in normal human kidney tissue as evaluated by immunofluorescence microscopy (IF) (15,30). Thus, a1 and a 2 chains of Type IV collagen participate in the GBM and MM, whereas a 3 and a4 chains of type IV collagen are detectable in the GBM but not in the mesangium (5,20). However, there are no studies of the precise ultrastructural location of these specific chains of Type IV collagen in human kidney.
Type VI collagen, a quantitatively minor collagenous component of ECM, is important because it acts as a binding protein, linking and integrating different components of the ECM. Type VI collagen, by immunofluorescence microscopy, localizes in the mesangium but is not known to be present in the GBM of the human glomerulus (11,14,27),
The objective of the current study was to describe the precise structural array of Types IV and VI collagen in human kidney with immunogold electron microscopy (IEM).
Materials and Methods
Tissue Preparation. Six kidnq biopsy tissue specimens obtained at sur-577 gery from normal human kidney -plant donors ages 42 f 13 (x f SD) years were used in this studv.
Germany) for 2 hr at -35'C and then transferred to 100% Lowicryl at -35°C for 2 hr. The resin was polymerized at -35'C with two 18" long-wave w Antibodies. The antibodies employed in this study are listed in Table   1 . Polydonal goat anti-Type IV collagen antibody was obtained from Southem Biotechnology (Birmingham, AL.). The monodonal antibodies (MAb), rat anti-human al(IV) chain and mouse anti-human a3(IV) chain, used in this study were previously reported (5, 20) . The characteristics of these two MAb were analyzed by ELISA and SDS-PAGE (15). These MAb are specific for the globular (NC) domain of a(IV) and a3(IV) chains, respectively. The MAb to the collagenous domain of Type VI collagen was purchased from Developmental Studies Hybridoma Bank (Iowa City, IA). Its specificity was documented by immunoprecipitation and SDS-PAGE (12).
Fluorescein isothiocyanate (F1K)-conjugated sheep anti-mouse IgG obtained from Organon Teknik (West Chester, PA) and F I E rabbit anti-goat IgG and goat anti-rat IgG obtained from Tigo (Burlingame, CA) were used for IF. These secondary antibodies were absorbed with normal human serum to block nonspecific binding to the human kidney sections. Affinitypurified rabbit anti-goat IgG-10-nm gold, goat anti-mouse IgC-lo-nm gold, and goat anti-rat IgC-IO-nm gold (Janssen Life Sciences; Beerse, Belgium) were used for IEM.
Preparation OfTissue for Immunofluorescence Miaoscopy. Indirect IF was performed as previously described (5, 20, 28) . A small piece of fresh kid119 tissue was mounted on a small sponge, covered with a drop of OCT compound (Miles Scientific; Naperville, IL.), and immediately snap-frozen in isopentane pre-cooled in liquid nitrogen. The frozen tissues were stored at -7O'C until sectioned at 4 pm in a Lipshaw Cryostat at -25'C and 30% humidity, mounted on glass slides, fmed for 10 min with acetone, and then air-dried. Sections were incubated in drops of primary antibody for 30 min at room temperature (RT), washed three times for 5 min with PBS, and reacted with F I E secondary antibodies for 45 min. washed three times for 5 min with PBS, and coverslipped with Pphenylendiamine in PBS-glycerol to retard fluorescence quenching (28). Sections were examined by epifluorescence microscopy with appropriate fdters (Carl Zeiss; Oberkochen, Germany). Two investigators independently observed intensity, linearity and, where appropriate, thickness of staining.
Preparation of Tissue for Immunogold Elmon Microscopy. Plastic embedding methods previously used in rat studies (8) were applied to these human tissues. At the time of renal biopsy, the biopsy core was examined under a dissecting microscope to ensure the presence of glomeruli. Small cubes (1 mm3) of cortical kidney tissue containing glomeruli were immediately immersed in periodate-lysine-paraformaldehyde (PLP) solution for 2 hr at 4'C and then washed three times for 20 min at 4'C with 0.025 M phosphate buffer containing 6% sucrose. The samples were then dehydrated in a graded ethanol (ETOH) series at progressively lower temperatures to -35'C. using the following schedule: 35% ETOH at 4'C for 20 min; 50% ETOH at -25'C for 20 min; 75%, 9046, and 100% ETOH at -35°C for 20 min each. The tissue was then transferred to a 1:1 mixture of 100% ETOH and Lowicryl K4M (Chemishe Werke Lowi; Waldkraiburg, Table 1 
. Charactenjtics o f antibodies used in this study

Antibodies
Monoclonal antibodies
MAb 102 al(IV) collagen chain 5, 20 MAb 17 a3(IV) collagen chain 5, 20 Anti-Type VI Type VI collagen chain 10, 12 Polyclonal antibody Goat anti-Type IV Pepsin-digested human Southern placental basement Biotechnology membrane bulbs placed at a distance of 25 un from the tissue. Thick sections (1 m) were stained with toluidine blue and observed by light microscopy for presence of a glomerulus. Excess cortical tissue was cut away and then ultrathin silver-to-gold interference contrast sections were cut and mounted on Formvar-coated 100-mesh nickel grids. The grids were incubated in a humidity chamber overnight at 4'C with primary antibody diluted in PBS + 1% bovine serum albumin (BSA). Excess unbound primary antibody was washed off the grids with three 5-min washes in PBS containing 1% BSA and 0.05% Tween-20. The grids were then transferred to drops of 10run gold-conjugated secondary antibody diluted in PBS/1% BSA + 0.05 % Tween-20 and incubated for 4 hr at RT. After secondary antibody incubation, the samples were washed three times for 5 min with PBSIBSAITween-20 and three times for 5 min with distilled water, stained for 10 min with uranyl acetate and 5 min with lead citrate, and observed with a JEOL 100CX electron microscope (Dearborn, MA).
Some antigens detectable by IF are not detected by IEM after the tissue has been embedded in Lowicryl, presumably because of degradation of the antigen by tissue processing. We used cryoultramicrotomy for these "sensitive" antigens following the technique described by Tokoyasu (32) . After fmtion in PLP for 4 hr at 4'C, excess cortical tissue surrounding a glomerulus was cut away using a microscalpel with the aid of a dissecting microscope. This was done so as to work with the smallest possible sample, as ultra-thin frozen sections can only be obtained with a very small block face. The small (0.25 mm) cube was then transferred to a cryoprotectant (20% polyvinylpyrrolidonell.8 M sucrose mixture) for 4 hr, mounted on a special cryopin under a dissecting microscope, and snap-frozen in Freon-22 pre-cooled with liquid nitrogen. The samples were stored in a liquid nitrogen Dewar until sectioning. A RMC MT-7000 ultramicrotome equipped with a CR-21 cry0 attachment (RMC Tucson, AZ) was used to cut 1-pm thick sections at -90%.
The sections were picked up with a drop of 2.3 M sucrose and transferred to glass slides. The sucrose drop was then diluted with a drop of PBS, dried on a hotplate, stained with toluidine blue, and viewed by light microscopy for the presence of a glomerulus. Once found, ultra-thin 80-90-nm frozen sections were cut at -9O"C, picked up with a loop containing 2.3 M sucrose, and transferred to Formvar/carbon-coated 100-mesh nickel grids. The grids were placed section side down on agarose plates and then floated on PBS until antibody incubation. Immunolabeling was carried out as described above for Lowicryl-embedded tissue. Finally, the grids were contrasted and sealed with a mixture of polyvinyl alcohol and uranyl acetate, and photographed with aJEOL100CX electron microscope and enlarged to a final magnification of x 40,000 to x 50,000.
The specificity of the immunolabeling was assessed by incubating thin sections from normal subjects with normal goat, rat, or mouse serum instead of primary antibodies before applying the appropriate secondary goldconjugated antibodies. lagen (Figures 2b and 2c ) distributed exactly the same as al(IV) collagen chain. gen chain staining localized in the GBM ( Figure Ib) and distal TBM. Cryoultramicrotomy revealed that the entire thickness of peripheral and mesangial GBM was labeled with this antibody. There was no MM staining, and the border between GBM staining and the MM staining was precise and abrupt (Figure 2c ).
Results
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Immunofluorescent staining with monoclonal anti-a3(IV) colla- 
Type VI Collagen
Immunofluorescent staining with monoclonal Type VI collagen antibody was noted in the GBM, mesangium, and interstitial space ( Figure IC) . Cryouluathin sections stained with MAb to Type VI collagen showed localization in the endothelial side of the GBM (Figure 3a) , and evenly throughout the mesangial matrix ( Figure  3b ). There was sparse localization in the middle zone of the GBM. Type VI collagen was also detected in interstitial collagen fibrils (Figure 3c ). There was no TBM staining. and the border between TBM and the interstitial collagen fibrils was abrupt (Figure 3c ). The distributions of various antibodies in this study are summarized in Table 2 .
Control S t d i e s
Sections incubated with normal goat, rat, or mouse serum and then with the appropriate secondary gold-conjugated antibodies showed no labeling (Figure 4 ).
Discussion
The structure and function of basement membranes and extracellular matrices are important to critical physiological processes (1, 16, 22, 23) . ECM in the glomerulus is characterized by biochemical heterogeneity. Therefore, by immunohistochemical analysis, GBM and MM do not have the same ECM composition. It is presently impossible to isolate pure preparations of these glomerular structural components. This is illustrated by studies documenting that GBM preparations are 40% by volume contaminated by mesangial MM (13). Therefore, the only current option for understanding the site-specific distribution of ECM compounds in the glomerulus is through the use of immunohistochemical approaches. Although much has been learned from IF microscopy regarding the site-specific glomerular distribution of ECM components, including Type IV collagen, laminin, heparan sulfate proteoglycan, entactinhidogen, and Type VI collagen (8, 17, 19, 25) , the limited resolution of the light microscope has not permitted appreciation of the fine structural relationships involved. Electron microscopic immunochemistry has further clarified glomerular site-specific ECM arrangements (3, 7, 8, 18, 19, 25) . Studies of polyclonal antibodies to Type IV collagen, laminin, and HSPG (24,32) have been performed by IEM in normal human kidney. The present study, which represents the first use of MAb to localize the chains of Types IV and VI collagen in normal human kidney tissue, expands on these initial observations (12, 20, 31) .
Mesangial al(IV) collagen chain and polyclonal anti-Type IV col-lagen labeling were confined to matrix material and were not seen in mesangial cells. Furthermore, it was possible to describe the precise distribution of this antigen along the subendothelial and central aspects of the peripheral GBM corresponding to the lamina rara interna and the lamina densa. Similar distribution was noted in analogous areas of the mesangial GBM.
We could detect no a3(IV) collagen chain localization in normal human MM by either IF microscopy or IEM, whereas sparse localization was reported in MM of normal rats (8, 9) . Whether these species differences represent biological or technical variations or both is not known with certainty. However, the labeling of the inner aspects of the GBM, contrasting greatly with the sharp cutoff and complete absence of labeling in MM, supports the former hypothesis. These studies, documenting the clear compositional differences of GBM and MM, are consonant with the concept of separate production sites for different components of glomerular extracellular matrix structures (12J4.26). Thus, al(IV) collagen chain molecules in the central mesangial matrix areas are likely made by mesangial cells, whereas the al(IV) collagen chain molecules in the endothelial and central aspect of the GBM could derive from mesangial cells, endothelial cells, or both. Contrasting with al(IV) collagen chain, a3(IV) collagen chain was distributed through the entire width of the GBM. This suggests a complexity to the GBM that was hitherto not completely appreciated. The cells of origin of the a3(IV) collagen chains are likely the endothelial cells, the epithelial cells, or both. However, given the complete absence of these chains from MM, mesangial cells probably do not contribute to this GBM component. Nevertheless, the fact that al(1V) collagen chains are excluded from the lamina rara externa while a3(IV) collagen chains are located throughout the GBM indicates a complex supramolecular structure that is probably denlopmentally regulated.
We were able to detect Type VI collagen as a component of the GBM. IEM showed this to be precisely localized along the endothelial aspect of the peripheral GBM and throughout the MM. This differs from previous reports indicating that glomerular Type VI collagen is localized only in the mesangium (12J7.26.33). Presumably this difference reflects the enhanced detection methods of this study; however, species or antibody differences cannot be ruled out. In addition, we found interstitial collagen fibril staining, while there was no TBM staining for Type VI collagen. The distribution of Type VI collagen supports our speculation that endothelial and mesangial cells contribute to MM and to the endothelial aspect of the GBM.
We utilized two methods, embedding in Lowicryl K4M (2, 8, 29) and cryofmtion followed by cryoultramicrotomy (32), to allow localization of a variety of renal extracellular matrix components, if b not by one method, then by the other. The polyclonal anti-Type IV collagen antibody was detectable with Lowicryl K4M-embedded tissue, whereas the MAb to al(IV). and a3(IV) collagen chains and Type VI collagen could not be detected by this method and required the cryoultramicrotomy method for their localization. This is consistent with a previous report (4) demonstrating that conditions for optimal labeling must be worked out for each class of binding site and that no single procedure can be recommended as the best approach. It is likely that many MAb, reacting with restricted epitopes on the target molecules, may not bind if these epitopes are altered by harsh embedding procedures. On the other hand, polyclonal antibodies, with their multiple targets, are less likely to be completely blocked, since at least some antigen epitopes are likely to survive the preparative methods. It could be argued that the cryoultramicrotomy system is preferable because most matriiv antigens would be detectable by this method. However, there are certain disadvantages to this approach. The cryoultramicrotomy system requires specialized sectioning equipment and tissue storage facilities, and considerable experience and skill is required in obtaining adequate sections. It is more difficult to select specific structures, such as glomeruli, from within the tissue block for study. Finally, there is usually less detailed preservation of ultrastructure with cryoultramicrotomy. Therefore, if the antigen(s) of interest can be detected in Lowicryl K4M-embedded tissue, this method may be preferable. For this reason, careful planning of studies is necessary to maximally utilize valuable human biopsy material for IEM.
In summary, electron microscopic immunocytochemistry of normal human kidney biopsy provided detailed display of the sitespecific arrays of important extracellular matrix components. It is anticipated that understanding of normal and abnormal renal suucture will be enhanced by the refinement, quantification. and broader application of these methods to human biopsy material. 
